Abstract: Poly(ADP-ribosyl)ation (PARylation) catalyzed by the tankyrase enzymes (Tankyrase-1 and -2; a.k.a. PARP-5a and -5b) is involved in mitosis, telomere length regulation, GLUT-4 vesicle transport, and cell growth and differentiation. Together with the E3 ubiquitin ligase RNF146 (a.k.a. Iduna), tankyrases regulate the cellular levels of several important proteins including Axin, 3BP2, and angiomotins, which are key regulators of Wnt, Src and Hippo signaling, respectively. These tankyrase substrates are first PARylated and then ubiquitylated by RNF146, which is allosterically activated by binding to PAR polymer. Each tankyrase substrate is recognized by a tankyrasebinding motif (TBM). Here we show that RNF146 binds directly to tankyrases via motifs in its Cterminal region. Four of these RNF146 motifs represent novel, extended TBMs, that have one or two additional amino acids between the most conserved Arg and Gly residues. The individual RNF146 motifs display weak binding, but together mediate a strong multivalent interaction with the substrate-binding region of TNKS, forming a robust one-to-one complex. A crystal structure of the first RNF146 noncanonical TBM in complex with the second ankyrin repeat domain of TNKS shows how an extended motif can be accommodated in a peptide-binding groove on tankyrases. Overall, our work demonstrates the existence of a new class of extended TBMs that exist in previously uncharacterized tankyrase-binding proteins including those of IF4A1 and NELFE.
Introduction
Tankyrase-1 and tankyrase-2 constitute two of the six members of the human poly(ADP-ribose) polymerase (PARP) enzyme family. The PARP family of proteins generate the post-translational modification poly (ADP-ribose) (PAR), a large negatively charged polymer with widespread significance for cellular functions. Protein PARylation plays important roles in a myriad of processes including DNA damage repair, cell death, 1 cell division, [2] [3] [4] [5] and vesicle translocation. 6, 7 The tankryases (TNKSs or simply tankyrase)
have particularly key roles in cell growth, division, and differentiation. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] As regulators of multiple signal transduction pathways including Wnt, Src, and Hippo signaling, tankyrases have emerged as important drug targets for cancer therapies. [18] [19] [20] Other than sharing a PARP catalytic domain at its extreme C-terminus, the TNKS proteins have a unique domain composition when compared to other PARP enzymes [ Fig. 1(A) ]. Immediately upstream of this catalytic domain lies a SAM domain responsible for TNKSs polymerization. [21] [22] [23] [24] [25] [26] The extreme Nterminal end harbors a histidine, serine, proline-rich segment (a region lacking in tankyrase-2), followed by a large ankyrin repeat domain composed of five conserved subdomains or ankyrin repeat clusters (ARCs) connected by conserved linkers. With the exception of ARC3, each ARC has a highly conserved binding groove that can recognize a tankyrasebinding motif (TBM) having the form: RXXUDG where X is any amino acid, and U is a small hydrophobic amino acid (Supporting Information Fig. S1 ). However, considerable sequence variability is allowed at each position except the conserved Arg and Gly. 27 All confirmed tankyrase substrates to date contain one or more TBMs and it has been proposed that peptides could be utilized to block substrate binding to TNKSs as a means of a highly specific TNKS inhibition. 28 There have been a number of reports that TNKSs can regulate the cellular concentrations of several proteins including TRF1, 11, 12 3BP2, 8, 27 Axin-1/2, 9 BLF1, CASC3, 10,29 CPAP, 4 PTEN, 16 and, most recently, the angiomotin (AMOT) family of proteins, 13, 14, 17 in a PARylation-dependent manner. The PARylated forms of BLF1, CASC3, the disease related proteins PTEN, Axin, 3BP2, and the angiomotins are confirmed substrates of RNF146 [whose domain architecture is shown in Fig. 1(B) ], which targets these proteins for degradation by attachment of poly-ubiquitin chains. [8] [9] [10] 13, 14, 16, 17 Protein ubiquitination is a post-translational modification involved in almost all cellular processes. In general, E3 ubiquitin ligases are responsible for targeting proteins via protein-protein interactions with the substrates directly. However, RNF146 does not contain any known substrate recognition domains [ Fig. 1(B) ]. RNF146 was previously shown to bind the internal structural unit of the PAR polymer (known as iso-ADPr) via its WWE domain and RING domains. 30, 31 The PAR ligand acts as an allosteric activator of the E3 ligase through a conformational change in the RING domain. 31 Hence, PAR acts as a signal for RNF146 activation. It has also been observed that RNF146 uses its C-terminal region to bind to tankyrase and that this association is required for Axin protein turnover. 31 Thus, the C-terminus of RNF146 may dictate substrate specificity or localize RNF146 with substrates through its interaction with TNKSs, allowing the E3 to target proteins PARylated by TNKSs but not other PARPs. However, the specific details of the RNF146-tankyrase interaction have not yet been investigated. Here we show that the C-terminal fragment of RNF146 can form a one-to-one complex with the complete ankyrin repeat region of tankyrase and that several motifs within RNF146 mediate this interaction. Four of these motifs in RNF146 are noncanonical, in that they include a one or two-residue extension in the previously defined binding sequence [ Fig. 1(C) ]. We report the crystal structure of a noncanonical tankyrase-binding motif of RNF146 with ARC2 of mouse tankyrase-1. The structure reveals a binding mode similar to those of previous reported TBMtankyrase interactions; but shows how an extended motif can be accommodated on the tankyrase scaffold, expanding the possible list of tankyrase substrates and interacting partners.
Results and Conclusions
RNF146 binds to tankyrases via its flexible C-terminal tail RNF146 contains two characterized domains at its N-terminus, a RING domain and a WWE domain, which comprise the protein's ubiquitin E3 ligase activity and PAR binding function, respectively. The conserved C-terminal region of RNF146 [Supporting Information Fig. S2(A Fig. S2(B) ].
RNF146 has been reported to interact with tankyrase-1 (referred to as tankyrase or TNKS here forth) via its flexible C-terminus downstream of its WWE PAR-binding domain [see Fig. 1(B) ]. 31 When this region was removed no interaction with tankyrase was observed. 31 In agreement with this previous study we observe that a C-terminal fragment of RNF146 is necessary for its interaction with the substrate binding region of tankyrase (TNKS(5ARC)) via GST pull-down assays [ Fig. 2 Fig. S3(A) ]. Therefore, the flexible C-terminal region of RNF146 is necessary and sufficient for its interaction with TNKS.
The RNF146-TNKS interaction is mediated by at least 4 motifs in the RNF146 C-terminus
Tankyrases recognize proteins via four ARC domains (ARC1, ARC2, ARC4, and ARC5) that recognize TBMs [see Fig. 1 (A) and Supporting Information Fig. S1 ). 21 It was previously proposed that RNF146 has five motifs in its disordered C-terminus that resemble TBMs [ Fig.  1 (C) and Supporting Information Fig. S2(A) ]. 31 However, with the exception of motif 4 (RSVAGG), each TBM is one or two residues longer than previously identified TNKS binding sequences. Importantly, a mutation in motif 1, has a larger effect on tankyrase binding than motif 4, which matches the TBM consensus motif more closely. 31 That study showed that motif 1 and 4 are important for the RNF146-tankyrase interaction and that mutation of these motifs together attenuates Axin turnover in cells. 31 However, only these two motifs in RNF146 were tested previously, so we tested the remaining motifs using GST pull-down assays in which the obligate Gly in each motif is mutated to a Val residue. In agreement with the previous report, 31 Fig. 2(A,B) ]. However, despite not conforming to the canonical RXXUDG sequence (instead containing an insertion of an additional amino acid or two between the key R and G residues), all of the extended motifs show some binding to individual ARCs in tankyrase, with motif 2 only weakly binding To test whether RNF146 requires multiple interactions at once, we performed GST pull-down assays in the presence of the competitive tankyrase interactor, Axin(1-80) (Axin, residues 1-80), 33, 34 that is known to simultaneously occupy two sites on TNKSs, and we performed SEC in the presence of a large excess of RNF146. When Axin(1-80) is added as a competitor in GST pull-down assays RNF146 was competed off by a 1:1 Axin:TNKS molar ratio [Supporting Information Fig. S3(C) ], indicating that competition with at most two of the TNKS sites can disrupts RNF146 binding substantially. Furthermore, when RNF146(DN-term) is added in a large (6 fold) excess of RNF146 in SEC experiments, RNF146 still forms a one-to-one complex with TNKS [Supporting Information Fig. S3(A, D) ]. These data establish that RNF146 has multiple binding motifs that are capable of binding to multiple binding sites on tankyrases, most of which do not match the TBM consensus sequence. 27 Together and in combination with the relatively low affinity of a single TBM-ARC interaction observed, these data show multivalency in the RNF146-TNKS interaction that may be disrupted by a multivalent TNKS substrate such as Axin. Whether all TNKS substrates can displace RNF146, or if they can both weakly associate simultaneously to the ankyrin repeat region of TNKSs in vivo requires further investigation.
RNF146 motif 1 can bind to tankyrase-1 in a mode similar to canonical TBMs
Because the RNF146-tankyrase interaction is primarily driven by noncanonical (extended) TBMs, we sought to characterize this important proteinprotein interaction structurally. We determined a crystal structure of RNF146(motif 1) (residues 184-205) in complex with TNKS(ARC2-3) at 1.93 Å resolution (Table I, Fig. 3 ). The overall architecture of the TNKS-RNF146 complex resembles other structures solved of TBMs bound to ARC2; 32,33 two molecules of ARC2-3 reside in the asymmetric unit forming cross pattern with a pseudo two-fold axis of symmetry resulting from an ankyrin repeat swap following the ARC2/3 helical linker (Fig. 3) . One copy of the RNF146(motif 1) peptide is bound to each ARC2 module with clear electron density [ While the length of the RNF146 TBM is longer than canonical motifs, two interaction sites are conserved in the RNF146(motif 1)-TNKS interaction. First, R193 of RNF146 falls into the conserved "arginine cradle" where hydrophobic interactions with the aliphatic chain of arginine are supplied by Trp-427, and Phe-429 interacts with the guanadinium head group via p-stacking. TNKS Glu-434 supplies a complementary charge-charge interaction with R193 at the base of the arginine cradle [ Fig. 4(A) ]. Second, the "aromatic glycine sandwich" is also maintained. TNKS residues Tyr-372 and Tyr-405 form a "gate" in which only a glycine of a TBM can be accommodated [ Fig. 4(A) ].
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The greatest difference from canonical TBM-TNKS interactions falls in the central region [ Fig. 4(A,B) ]. The central region of RNF146(motif 1) makes a number of van der Waals interactions and hydrogen bonds, including a Tyr-carbonyl hydrogen bond previously observed between other TBM backbones and the Tyr of the ARC domain. 27, 32, 33 Here, When compared with canonical TBM interactions the placement of the most conserved residues in the TBM (i.e., the obligate arginine at the N-terminus and the last four residues including the UDG motif) are nearly identical [ Fig. 4(B) ]. Therefore, the RNF146(motif 1)-TNKS interaction behaves much like a canonical TBM, where the sequence rules previously established must still apply to the conserved arginine and the downstream UDG. Importantly, modeling the entirety of RNF146 motifs 3 and 5 based on the RNF146(motif 1)-TNKS structure suggests that these two noncanonical TBMs seen in RNF146 can be accommodated spatially in this binding mode. However, the specific interactions of residues within these motifs with the TNKSs binding sites are likely to be accommodated differently, as the residues between the conserved Gly and Arg of motif 1 are not necessarily conserved for motifs 2, 3, 4, and 5 [see Fig. 1(C) ]. Still, these data open the possibility that extended TBMs may exist in other proteins.
Extended TBMs likely mediate TNKS binding to other proteins
To see if other TNKS-interacting proteins contain extended motifs we searched a list of experimentally determined tankyrase-interacting proteins determined via a tandem affinity purification followed by mass spectrometry technique. 13 Each protein in the list of 350 TNKS interactors was searched for disordered regions using the PONDR-FIT predictor. 35 The disordered regions were then searched for canonical or extended motifs with the form of RXX(A/G/P/V)XG or RXXX(A/G/P/V)XG, respectively. Within the 350 TNKS interactors, the search results returned more than 360 putative TBM motifs, including 151 extended motifs (Supporting Information Table ST1 ). The large number of hits returned probably reflects the simplicity of the search criteria and may contain motifs that do not form stable interactions with any of the ARCs of TNKS. However, it should be noted that, like RNF146, many tankyrase interactors may contain multiple interaction motifs. While most proteins found in our search that contain extended TBMs also contain canonical TBMs (similarly to RNF146), there are a number of proteins that only contain a single putative extended binding motif including Fbox-only protein 50 (FBXO50), desmin (DESM), negative elongation factor E (NELFE), and eukaryotic initiation factor 4A-I (IF4A1) [ Fig. 5(B) and Supporting Information Table ST1 ). To test whether these motifs might mediate an interaction with tankyrase similar to the interaction reported here for RNF146(motif 1) and ARC2 or TNKS, we generated GST-fusions of their isolated motifs and performed pull-downs of ARC2 [ Fig. 5(A) ]. While no interaction was detected between ARC2 and DESM or FBXO50, the extended TBMs of IF4A1 and NELFE showed binding to ARC2 comparable to the RNF146(motif 1). Given that mutation of the Asp in the UDG segment of the RNF146(motif 1) results in a significant loss in binding to ARC2 [ Fig. 5(A) ], these data imply a preference for an acidic residue adjacent to the conserved glycine [ Fig. 5(A,B) ], suggesting that this residue may be particularly important for extended TBMs.
Discussion
The RNF146-TNKS interaction was previously shown to be important for Axin turnover in vivo.
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Here we report the structural characterization of the fundamental recognition module of the RNF146-TNKS complex and expands on the previously known elements of this critical interaction. First, the structure of RNF146(motif 1) with ARC2 of TNKS reveals binding characteristics that are similar to well-studied TBMs and validates the TBMs of RNF146 suggested in our previous study. 31 Together with binding experiments, the structure shows how the binding motifs of RNF146 can be accommodated and bind to each of the conserved ARCs in TNKSs, and supports the hypothesis that RNF146 binds to multiple ARC domains of TNKSs simultaneously. Second, this study presents a new type of TBM that is extended by one amino acid in the middle of TBM consensus. The sequence variation in TBMs has previously been studied. 27 However, these studies focused entirely on consensus sequences with a length of four amino acids between the conserved arginine and glycine (i.e., RXXUDG). Here we have shown the accommodation of an extra amino acid in this motif, giving the form RXXXUDG. This could increase the number of predicted TBMs in the proteome considerably. Indeed, our search of known TNKS binders from a recently reported dual affinity mass spectrometry screen, 13 reveals that many proteins may depend on these extended binding motifs including the confirmed binding sequences in NELFE and IF4A1. It should be noted that, while there are clearly many proteins that bind to TNKSs, little is known about which binding partners are substrates for TNKS-catalyzed PARylation, as some proteins such as GMDS can form robust interactions with TNKSs but evade modification. 36 While our work demonstrates the basic characteristics of the RNF146-TNKS interaction, the true quaternary structure of the RNF146-TNKS interaction in vivo awaits further investigation. The presence of an oligomerization domain in TNKSs, known as the SAM domain, complicates our current understanding of TNKS binding. It was recently shown that the SAM domain in TNKSs can form long, helical, head-to-tail oligomers [24] [25] [26] with their N and Ctermini facing away from the helical center. Hence, many TNKS ankyrin repeats will presumably be in very close proximity within larger TNKS scaffolds. Nonetheless, the one-to-one TNKS-RNF146 complex suggests that RNF146 may bind in a specific orientation that allows for substrate PARylation and subsequent ubiquitylation. Clues to such a mechanism come from a recent study on the interaction of Axin with TNKS. Axin can remodel the conformation of the TNKS(5ARC) region when it binds due to flexibility of the linkage between ARC3 and ARC4. 34 Because the C-terminus of RNF146 is highly disordered [see Supporting Information Fig. S1(A) ], there are few restrictions on the access of individual RNF146 motifs within the full-length proteins. However, subtle binding preferences seen between individual TBMs of RNF146 and ARCs of TNKS may impose similar effects on the TNKS(5ARC) region as Axin, which could have direct implications on the access of RNF146 or substrates to the PARP active site. Finally, while our crystal structure shows that the ARC2-3 fragment is present as a repeat swapped dimer similarly to previous TNKS(ARC2-3) structures, 32, 33 in larger TNKS fragments such as 5ARC
we do not observe dimerization in either the free TNKS(5ARC) or bound to RNF146 [see Supporting Information Fig. S3(A) ]. Hence the dimerization may be a crystallographic artifact. Consistent with this we also do not observe dimerization of TNKS(5ARC) with Axin(1-80) despite ARC2-3 fragment forming a dimer in the presence of Axin(1-80). 33 Although the lack of dimerization of the TNKS(5ARC) fragment was also noted in another study, 34 we cannot not rule out the possibility that such repeat swaps do exist within oligomerized tankyrase scaffolds.
Materials and Methods

Protein expression and purification
All mouse tankyrase fragments including ARC1 (residues 171-328), ARC2 (residues 308-484), ARC4 (residues 655-800), ARC5 (residues 800-961), ARC2-3 (residues 308-655), and 5ARC (residues 171-961) were subcloned into a pGEX-4T-1 plasmid with Nterminal GST tag followed by thrombin cleavage site and an added TEV cleavage site. Full-length human RNF146 and deletions were cloned into a pGEX-6P-2 vector with an added C-terminal His 8 -tag for purification. RNF146(DC-term) (residues 1-183) was generated by addition of a stop codon into the full-length RNF146 construct. RNF146(DN-term) (residues 184-358) was cloned into a pET-28a vector with His 6 and T7 tags and an added N-terminal TEV cleavage site and also cloned into pGEX-4T-1 plasmid with a GST tag and an added N-terminal TEV cleavage site. The GST-RNF146(motif 1) was generated by introducing a stop codon into the GST-RNF146(DN-term) construct in place of residue 206. GST-TBM constructs were generated for RNF146(motif 1) mutants (residues 191-202), RNF146 motifs 2 (residues 217-229), motif 3 (residues 257-268), motif 4 (residues 330-341), motif 5 (residues 343-355), motif 1 mutants (residues 192-203), IF4A1 (residues 7-19), DESM (residues 55-67), NELFE (residues 141-153), and FBXO50 (residues 2-13), were generated by ligating short oligonucleotides directly into the BamHI and EcoRI sites pGEX-4-T1. All other mutations were generated by site-directed mutagenesis (Stratagene) of the above constructs and confirmed by sequencing. All proteins were produced in Escherichia coli (BL21(DE3)) cells in either LB media or MOPs minimal media (for RNF146 (DN-term) Cultures were grown at 378C to an optical density (at 600 nm) between 0.6 and 1.2, cooled to 168C before induction with isopropyl b-D-1-thiogalactopyranoside (IPTG) (Thermo Fisher Scientific) at a final concentration of 100-400 mM. Cultures expressed overnight (ca., 16 hr) at 168C, were spun down to pellet cells, and resuspended in 20 mM Tris pH 7.6, 200 mM NaCl, 2 mM Dithiothreitol (DTT) and frozen for future lysis. Cells were thawed at room temperature and lysed via French pressure cell press in the presence of phenylmethane sulfonyl fluoride (PMSF) (Pierce), and centrifuged at 27,000g before application to affinity columns. GST-tagged ARC1, ARC2, ARC4, and ARC5 and TNKS(5ARC) were bound to Glutathione Sepherose 4B (GE Healthcare) columns, washed with five column volumes of binding buffer (20 mM Tris pH 7.6, 200 mM NaCl, 2 mM DTT) and eluted with binding buffer containing 15 mM glutathione, followed by size exclusion chromatography. Tankyrase fragments ARC2-3 and TNKS(5ARC) were similarly bound to glutathione (GSH) beads, followed by overnight cleavage with tobacco etch virus (TEV) protease (purified as previously described) 37 on the column. After elution from Glutathione Sepherose 4B, ARC2-3 was further purified by cation-exchange chromatography (SP column; GE Healthcare) and gel filtration using a Superdex 200 column (GE Healthcare). GST-cleaved TNKS(5ARC) was then eluted from the column followed by anion exchange chromatography using a HiTrap Q HP column (GE healthcare) and size exclusion chromatography (Superdex 200; GE Healthcare). GST-tagged full-length, mutants, and truncations of RNF146 purified using Glutathione Sepherose 4B (GE Healthcare), followed by Ni-NTA (Quiagen) for affinity purification using the C-terminal His 8 -tag where applicable, then anion exchange chromatography (HiTrap Q HP, GE Healthcare) and gel filtration using a Superdex 75 column (GE Healthcare). RNF146 samples prepared without a GST tag were similarly purified, but GST was cleaved using TEV protease prior to Ni-affinity purification. GST-TBM constructs were purified using glutathione sepherose 4B (GE Healthcare) affinity capture followed by elution with GST with binding buffer supplemented with 15 mM reduced glutathione followed by gel filtration. Axin(1-80) was purified as previously described. 33 The RNF146 peptide used for crystallography, residues 190-203 (NLARESSADG-ADS) was chemically synthesized (United Biosystems). The peptide mass was used to generate a stock solution of a known concentration in water. The concentration of peptide was confirmed by UV absorbance at 205 nm.
GST pull-down assays
GST pull-down assays using full-length GST-tagged RNF146 (or fragments or mutants thereof) shown in Figure 2 (A) were performed as previously described. 31 Assays containing the competitive inhibitor Axin (residues 1-80) were performed similarly, but Axin was pre-incubated with 2 mM TNKS(5ARC) and 2 mM GST-RNF146 on ice prior to washing steps with the indicated concentrations. GST pull-down assays with GST-tagged tankyrase fragments [experiments in Supporting Information Fig. S3 38 with the C2 space group. The structure phase was determined by molecular replacement by searching with ARC2 and ARC3 structures from the PDB 3UTM 33 as the initial search model using Phaser, 39 followed by automated and manual model building using ARPwarp 40 and Coot. 41 The structure was refined to 1.93 Å using iterative model building using Coot and refinement using Refmac5 42 in the CCP4 7.0 software package. Fig. 2(B) ]. Ultraviolet detection of eluted proteins was monitored at 230 nm and/or 280 nm.
Disorder prediction and TBM search
A published list of tankyrase interacting proteins 13 was searched for predicted intrinsically disordered regions using the PONDR-FIT predictor. 35 The resulting predicted intrinsically disordered region (with disorder disposition scores above 0.5) were then searched using a python script for regular expression of the form RXX(A/G/P/V)XG or RXXX(A/ G/P/V)XG to generate a list of potential TBMs of a canonical and an extended length (X; any amino acid).
Structure deposition information
The coordinates and structure factors for the RNF146-Tankyrase complex presented herein are available at the RCSB Protein Data Bank (PDB) with the accession code: 6CF6.
